Cannibalism has been documented as a possible disease transmission route in several species, including humans. However, the dynamics resulting from this type of disease transmission are not well understood. Using a theoretical model, we explore how cannibalism (i.e. killing and consumption of dead conspecifics) and intraspecific necrophagy (i.e. consumption of dead conspecifics) affect host-pathogen dynamics. We show that group cannibalism, i.e. shared consumption of victims, is a necessary condition for disease spread by cannibalism in the absence of alternative transmission modes. Thus, endemic diseases transmitted predominantly by cannibalism are likely to be rare, except in social organisms that share conspecific prey. These results are consistent with a review of the literature showing that diseases transmitted by cannibalism are infrequent in animals, even though both cannibalism and trophic transmission are very common.
INTRODUCTION
It is now realized that cannibalism is very widespread in the animal kingdom and is a major mortality factor in the biology of numerous species (Fox 1975; Polis 1981; Elgar & Crespi 1992; Van Schaik & Janson 2000) . Cannibalism differs from other predator-prey interactions, in that both the prey and the predator belong to the same species, and this intraspecific predation can result in population dynamics that are very different from that found in systems without cannibalism (Claessen et al. 2004) . In humans (but less so in animals), the term cannibalism has been applied to two somewhat different scenarios. In past human societies, individuals were either actively killed and consumed following an attack on neighbouring villages or tribes, or individuals were consumed as part of a funeral ceremony after death (Volhard 1968) . We restrict our use of the term cannibalism to the former case (where there is active killing and consumption of living prey) and refer to the consumption of dead conspecifics as 'intraspecific necrophagy'. As we will show below, the dynamics of these two scenarios are quite different and it is important to discriminate between them.
It is well established that cannibalism in the past has been a common practice in many human societies worldwide ( Volhard 1968; White 1992; Defleur et al. 1999; Marlar et al. 2000; Lindenbaum 2004) , in spite of some of the cases being exaggerated ( Wendt 1989) . The connection between cannibalism and disease has received considerable attention in the case of Kuru, a degenerative prion disease transmitted through cannibalism and necrophagy among the Fore people in Papua New Guinea (Lindenbaum 1979; Collinge et al. 2006) . However, there has been no general investigation into the possible role that cannibalism might play in disease transmission in animals. In this study, we first review examples of disease transmission through cannibalism and then use a theoretical model to identify the condition under which a disease can successfully invade a host population if cannibalism is the predominant mode of transmission.
(a) Review of cannibalistic disease transmission We carried out a literature review to determine instances in which cannibalism has been documented as a mechanism of disease transmission. Using Web of Science and Biological Abstracts, we carried out a search based on various combinations of the roots of the keywords 'disease', 'cannibalism', 'intraspecific predation' or 'necrophagy'. We then noted whether a disease was recorded as being transmitted through cannibalism, if there were alternative transmission modes and, if so, whether cannibalism was the major mode of disease transmission in the system. This review revealed that cannibalism was documented as the predominant transmission mode in very few species (table 1) , even though specific instances of cannibalistic transmission had been noted in many groups of organisms (mammals, reptiles, amphibians, fishes, insects and crustaceans), as well as in many pathogen types (including prions, viruses, bacteria and microsporidia). Indeed, cannibalism was implicated as the major transmission mode for only two cases: prion transmission in humans (Lindenbaum 1979 ) and transmission of the protozoan Sarcocystis in lizards (Matuschka & Bannert 1989) . In all other reported cases of cannibalistic disease transmission, alternative disease transmission modes such as necrophagy or heterospecific trophic transmission were of greater importance (table 1).
(b) Model of disease transmission through cannibalism To investigate the characteristics of diseases transmitted by cannibalism, we combined a classical susceptible-infected model with a model of a cannibalistic predator-prey system. Throughout, we refer to the predator in a cannibalistic interaction as the 'cannibal' and the prey as the 'victim'. We considered the rate of change of susceptibles (S ) to be a function of the following (successive terms in equation (1.1a)): birth rate of susceptibles; the increase in birth rate due to resources gained by cannibalism; loss of susceptibles due to cannibalism; loss of susceptibles to the infected class through cannibalistic transmission; and loss of susceptibles by death. The rate of change of infecteds (I) was considered to be a function of the following (successive terms in equation (1.1b)): increase in infecteds due to cannibalistic transmission; loss of infecteds due to cannibalism; and death of infecteds,
where I is the number of infected and infectious individuals; S is the number of healthy and susceptible individuals; NZICS; b is the birth rate, i.e. number of offspring born per individual per unit time; e is the number of individuals produced for each victim consumed, a dimensionless quantity with e!1 owing to the energy loss during trophic transfer (i.e. a cannibal cannot produce more than one individual per victim consumed); a is the attack rate, i.e. number of victims killed and consumed per cannibal per victim available per unit time; g is the number of cannibals sharing one conspecific victim; d is the transmission probability for a cannibalistic event; d is the disease-independent death rate per individual per unit time; and n is the added death rate due to infection per individual per unit time. By analogy with predator-prey models, the term e is included to represent the increase in reproduction of the cannibal resulting from conspecific predation; the nutritional value gained from cannibalism can be substantial (Polis 1981 ) even for humans (Darnstreich & Moren 1974) . The group size of cannibals sharing a conspecific, g, has several important implications. If gO1, cannibals have to 'share' a victim; this effectively reduces the nutritional energy gained per cannibal per victim consumed to e/g. Thus, the reproduction gained per cannibal is (e/g)aN, but g cannibals benefit per event. Thus, the total increase in reproduction per cannibal is given by eaN. Moreover, if individuals share one victim, this creates the possibility for one infected individual to simultaneously infect multiple ( g) cannibals.
Note that this formulation assumes that individuals hunt independently, but share the victim with g other individuals after an attack has occurred. An alternative scenario might be to assume that individuals hunt in groups (e.g. the cannibalistic population could be divided into N/g groups). However, our qualitative results hold true irrespective of the specific formulation of the Knell et al. (1996 Knell et al. ( , 1998 and Boots (1998) 'hunting' mode. Thus, we restrict our analysis to explore the first scenario in detail. Using equations (1.1a) and (1.1b), it can be readily shown that a disease cannot become established through cannibalistic transmission if the cannibal-victim interaction is one-to-one. Assuming that the disease is rare, i.e. I is small and NzS, disease spread requires that dagSOaSCdCn. If gZ1, this inequality is not possible (given that d has to be less than 1). A disease can therefore only invade if gO(aSCdCv)/daSO1, i.e. group cannibalism is a necessary but not sufficient condition for disease transmission by cannibalism (figure 1). Given group cannibalism, there will be a threshold population density SO(dCn)/[a(dgK1)] for disease spread; this threshold decreases with higher attack rates and greater levels of group cannibalism (figure 1). Note that we assume that infected and healthy individuals are equally likely to be eaten. If infected individuals are more likely to be cannibalized, the threshold density will be lower, making it easier for the disease to invade (assuming all else equal). The number of secondary infections per existing infection (R 0 ) of the disease is approximately R 0 ZdagS/(aSCdCv), where S at equilibrium in the absence of the disease is h SZ(b(d )/a(1Ke) and is similar to that for a directly transmitted disease. The change in the total population size can be derived by adding equations (1.1a) and (1.1b), dN dt Z ðbKdÞN C aðeK1ÞN The equilibrium host population number, h N , can only be zero if 4aðe ÿ 1Þv h I O 0. Given that the conversion efficiency, e!1, and all other parameters are positive, this latter term is always negative, and therefore h N of a cannibalistic host can never be equal to zero (assuming bOd ). Thus, a disease that is solely transmitted through group cannibalism can never drive the host to extinction. Furthermore, the whole population can never become infected completely because the condition h S Z ða h I C d C vÞ=ðaðdg K1ÞÞZ 0 can also never be met (assuming all parameters are greater than zero). An example of the phase plot and time course of such a disease is shown in figure 2 . Therefore, a cannibalistically transmitted disease will remain endemic in the host population if it can invade the host. Numerical simulations show that the equilibria are stable over a large parameter region (figure 2).
(c) Model of disease transmission through intraspecific necrophagy In many species including humans, another form of cannibalism is the consumption of dead conspecifics, i.e. intraspecific necrophagy. In the animal kingdom, this is a common transmission route for many diseases (table 1). The dynamics of the system can be described as follows: where D I and D S are the number of dead infecteds and dead susceptibles, respectively, and g is the decay rate of dead individuals. Necrophagy differs from cannibalism (where individuals are actively killed), in that consumption and disease transmission are proportional to the number of dead individuals. Another difference between cannibalism and necrophagy arises because, in the latter, there is no density-dependent mortality due to consumption of conspecifics. In the case of necrophagy, the disease can spread even without group necrophagy if SOg/ad, although the threshold conditions are easier to meet with group feeding (SOg/agd). From equations (1.4a)-(1.4d ), it can be shown that in the presence of the disease, the equilibrium density of susceptibles h SZg/agd. Similarly to the previous cases, this indicates that the population can never become completely infected, assuming that all parameters are greater than zero.
DISCUSSION
We have shown that group cannibalism by multiple individuals on one victim is a necessary (albeit not always sufficient) precondition for disease spread through cannibalism. However, in the animal kingdom, cannibalism is generally a one-on-one interaction in which a larger and stronger individual kills and consumes a smaller and weaker conspecific (Polis 1981) . Under these conditions, cannibalism is likely to be an ineffective mode of disease transmission. Our model is clearly simplified, in that it assumes there is no cannibalism-independent population regulation, that infection itself does not influence the probability of being cannibalistic or being cannibalized and that there is no age structure. However, intuitively, it is clear that in one-on-one cannibalism, the R 0 of a cannibalistically transmitted disease has to be less than unity unless the infected individuals have some compensatory advantage: an infected individual can only transmit the disease to one other individual and this victim is killed in the transmission process. This is somewhat analogous to the case of vertical (maternal) transmission, in which one female parent leaves on average only one offspring, such that the spread of vertically transmitted parasites only occurs under special circumstances (e.g. where the infected individual has a higher fitness than the uninfected). This is consistent with our finding that diseases spread through cannibalism are rare in natural populations, and that cannibalistically transmitted parasites or pathogens usually have one or more alternative transmission modes. This rarity of cannibalistic transmission is all the more notable because trophic transmission itself (disease transmission from prey to predator) is a commonplace in parasites with life cycles involving alternate hosts, especially in the digenean trematodes and cestodes (Odening 1976) , as well as in many nematodes (Anderson 2000) . Moreover, it would seem that within-species trophic transmission via cannibalism would evolve more easily than cross-species trophic transmission because in the former case the host species and hence the internal environment for the pathogen would remain unchanged.
An interesting 'exception that proves the rule' is the case of cannibalistic transmission of several species of the protozoan Sarcocystis in lizards of the genus Gallotia. Sarcosystis species normally have alternate hosts, but in several species of Gallotia that live on the Canary Islands, parasitic transmission is directly through cannibalism (Matuschka & Bannert 1989) . However, in the lizards, cannibalism is frequently partial, taking place by consumption of autotomized tails. Thus, one individual host can infect several cannibals over the course of its lifetime following tail regeneration. The process therefore has the dynamics of group cannibalism, even though there is no simultaneous consumption by a group.
There are otherwise only a few records of group cannibalism in which several smaller individuals kill and together consume one larger conspecific. This has been seen in social Hymenoptera and Isoptera (Polis 1981) and in some species where the mother serves as a food source for its offspring (Evans et al. 1995) . Cases where several adults kill and consume an infant together have also been recorded in social mammals. This occurs in lions, for example, when a group of new males acquires another male's harem (Bertram 1975) . It also occurs in chimpanzees where male groups commonly attack conspecifics (Arcadi & Wrangham 1999; Mitani et al. 2002; Wilson et al. 2004) . Humans have also had the required social structure and social practices that promote disease spread by cannibalism. Historically, members of families or a village often shared captured individuals in ritualized meals ( Volhard 1968; Sahlins 1983; Wendt 1989) , and the group size of individuals sharing one victim was often very large. Additionally, some human societies practiced cannibalism across groups and necrophagy within the group ( Volhard 1968; Conklin 2001) . This seems to have been the case for the Fore people of Papua New Guinea, in which both intraspecific necrophagy and cross-group cannibalism were common (Lindenbaum 1979; Rumsey 1999) . Thus, in the case of Kuru, necrophagy could maintain and spread the disease within a village, while cross-group cannibalism could be the mechanism that promoted the disease spread on a larger meta-population scale. Cannibalism in humans has been a common and widespread practice that dates back at least to the Neanderthals (Defleur et al. 1999; Marlar et al. 2000) . Several authors have argued that cannibalism has been a part of the natural ecology of human societies owing to the substantial nutritional gain (Darnstreich & Moren 1974) .
Our results suggest that the occurrence of a disease such as Kuru in humans is most probably the result of the frequent occurrence of group cannibalism and /or group necrophagy. Additionally, the persistence of Kuru into modern times may in part be explained by the pathogenic agent's resilience to cooking, although, in many of the cannibalistic rituals, raw human flesh was often consumed (Lindenbaum 1979 ). Because cannibalism is no longer a regular feature of human populations, it is not possible to assess the degree to which other diseases may have had this transmission mode. However, it has been speculated that the transmission and establishment of tapeworms in humans may have been aided by cannibalism (Hoberg et al. 2001) , and it is quite conceivable that a number of blood-borne infections may have been regularly transmitted in the same way.
We conclude that although many pathogenic agents have the potential for transmission from prey to predator, diseases transmitted predominantly by cannibalism are rare because the epidemiological conditions necessary for its spread, especially group cannibalism, are rarely met in natural populations. However, we suspect that such transmission occurs in animals such as chimpanzees where cannibalism occurs by socially organized groups of males (Arcadi & Wrangham 1999; Mitani et al. 2002; Wilson et al. 2004) . Cannibalistic transmission may therefore play an important role in the maintenance of blood-borne infections like simian immunodeficiency virus (Santiago et al. 2002) or different types of hepatitis ( Weiner et al. 1995; Birkenmeyer et al. 1998 ) in these populations. Given the importance of social primates as disease reservoirs for humans ( Wolfe et al. 1998) , this possibility deserves further investigation.
